ABSTRACT Ubiquitin-specific protease 18 (USP18) is known as an inhibition factor and has been associated with the innate immune response to pathogens. USP18 is the only deconjugating protease with specificity for interferon-stimulated gene 15 (ISG15), which is supposed to be missing in birds. To analyze the efficacy of goose USP18 (goUSP18) against Tembusu virus (TMUV) infection, we first cloned USP18 homologous cDNA from TMUV infected geese. The coding sequence was 1131 bp, and the deduced amino acid sequence shared conserved motifs with its homologues. Tissuespecific expression has shown that goUSP18 transcripts are strongly expressed in the spleen and liver of adult geese, as well as in the pancreas of goslings. Moreover, the goUSP18 transcripts were induced by goose interferons (goIFN) in goose embryo fibroblasts (GEF) and by TLR ligands in peripheral blood mononuclear cells (PBMC). Notably, goUSP18 transcripts were highly upregulated by TMUV infection compared to the basal level in uninfected birds. Taken together, these results suggested that goUSP18 was involved in host innate immunity against TMUV infection.
INTRODUCTION
The suppressor of ubiquitin-specific peptidase 18 (USP18) is a member of the deubiquitinating (DUB) enzyme family. It was originally identified as an interferon (IFN)-inducible gene and was subsequently demonstrated to be a negative-feedback regulator of IFN-α, -β, and -γ. Types I and II interferons (IFN-I, IFN-II, respectively) are recognized by their cognate receptors, IFNAR and IFNGR, respectively, and secrete pleiotropic cytokines with antiviral, antiproliferative, and immunomodulatory properties (GarciaSastre, 2017; Lindqvist, et al., 2016) , whereas the more recently identified type III IFN (IFN-III) binds to an unrelated cell-type restricted receptor (Sommereyns, et al., 2008; Yao, et al., 2014; Qin, et al., 2015) . Via the classic JAK-STAT signaling pathway, IFN-I, IFN-II, and IFN-III exert their biological effects through mediation by terminal effectors, including antiviral effectors (Mx and OASL), positive regulators (cGAS and PKR), and negative regulators (SOCS-1 and USP18) (Reid and Charleston, 2014; Schneider et al., 2014) . Importantly, IFN receptor plasticity can be regulated by USP18, which was previously shown to be a key determinant for the differential activity of interferons alpha, beta, and lambda (IFN-α, IFN-γ, IFN-λ, respectively) in regard to ligand binding affinity (François-Newton, et al., 2012) . Hence, exploring the immune role of USP18 will pave the way to the elucidation of the regulatory mechanism of the IFN pathway.
Structurally, USP18 possesses 2 functional domains: one consists of Cys and His boxes responsible for isopeptidase activity, and the other one inhibits interferon signaling by binding the IFN receptor subunit (Honke, et al., 2016) . Functionally, specific USP18 protease generally can cleave interferon-stimulated gene 15 (ISG15) conjugation, which is a ubiquitin-like protein that can be highly up-regulated by IFN treatment. Interestingly, this protein also functions in down-regulating IFN responses independent of its isopeptidase activity towards ISG15 (Malakhova, et al., 2006) . However, bird ISG15 is supposed to be missing, for no genes homologous to human ISG15 have been annotated in any of the available avian genomes (Magor, et al., 2013) . The lack of ISG15 in birds motivated us to examine the many facets of goose USP18 (goUSP18).
USP18 also has been implicated in immune evasion of several viral infections (Xu, et al., 2012; Mladinich et al., 2017) . It is desirable to determine the exact regulation of goUSP18 transcripts upon Tembusu virus (TMUV) infection. TMUV is an enveloped RNA virus in the Flaviviridae family that plagues only poultry. TMUV has been reported in ducks, chickens, and geese (Liu, et al., 2012; Yan, et al., 2016) , and there are several reports about host innate immune responses to TMUV infection Fu, et al., 2016; Hao, et al., 2016) . However, the interaction between TMUV and host immunity is not clear. Different stimulation from the virus or IFN could reflect diverse roles of goUSP18.
In this context, an important step forward for further understanding these immunological characteristics is describing the quality and quantity of stimulation and infection diversification. Here, we explore tissue specificity, age-related dependency of goUSP18, and the difference between TMUV and IFN on goUSP18 transcripts. These findings may shed further light on goUSP18 immune responses in this species.
MATERIALS AND METHODS

Cells, Viruses, Regents, and Animals
Peripheral blood mononuclear cells (PBMC) were isolated using the Animal Peripheral Blood Mononuclear Cells Separation Medium kit (TBD sciences, China) from adult geese and guaranteed at a high purity of 80%. According to the instructions, 20 mL of blood were collected from the jugular veins of each of the 3 adult geese. Finally, the sediment of PBMC was mixed and resuspended in 1 mL RPMI 1640 medium (Gibco). Goose embryo fibroblasts (GEF) were produced from 10-day-old goose embryos and maintained at 37
• C and 5.0% CO 2 in Dulbecco's Modified Eagle's medium (DMEM; Mediatech, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Australia). The cells were at approximately 80% confluence, then treated with agonists or viruses, and samples were collected at an indicated time point post infection (hpi.).
The TMUV strain (accession: KM233707) was propagated in GEF and determined at 6.3 × 10 6 TCID 50 /100 μL using 50% tissue culture infection dose (TCID 50 ) titration assays . The previously confirmed antiviral activity of recombinant goose IFN (goIFN) was generated by a pCDNA3.1 prokaryotic expression system in baby hamster kidney (BHK21) cells (Chen, et al., 2017) . Polyinosinic-polycytidylic acid (Poly [I:C], Sigma, USA) can mimic treatment with double-stranded RNA. R848 (InvivoGen, USA) is an imidazoquinoline compound with potent anti-viral activity via the TLR7/TLR8 MyD88-dependent signaling pathway, and LPS (InvivoGen, USA) mediated by TLR4 is an important virulence factor that activates the innate immune system.
For the viral challenge experiment, 1 μL of TMUV (6.3 × 10 6 TCID 50 /100μL in PBS) per gram body weight was injected intramuscularly. Control animals were injected with PBS. Four goslings per group were daily anesthetized to collect sample tissues for mRNA extraction. Additionally, another 4 goslings in each group were artificially infected with gosling plague virus (GPV) and injected intramuscularly with PBS to serve as the control group. The GPV titers were determined as the median egg infectious dose (10 6.6 EID 50 /200μL). Three d later, the selected tissues were collected. All the one-week-old healthy goslings and adult geese were purchased from the breeding center of Sichuan Agricultural University, Yaan City, China, and were maintained and observed for 3 d in laboratory animal rooms prior to experimentation. The welfare of the animals was ensured during the sampling process.
Gene Cloning and Sequence Analysis
Based on the predicted sequence from National Center for Biotechnology Information (NCBI accession number: XM 01,317,2965), the coding sequence of goUSP18 cDNA was cloned from the liver of TMUVinfected goslings using the primers F1/R1 and identified with sequencing (all primers used are shown in Table 1 ). The ExPASy ProtParam tool was utilized to compute the amino acid sequences, protein molecular weight (MW), and isoelectric point (PI), and to perform the hydropathy analysis of goUSP18 (http://us.expasy. org/tools/protparam.html). The predicted secondary structure of goUSP18 was estimated using Jpred4 (http://www.compbio.dundee.ac.uk/jpred4/results/ jp JsJuDJ0/jp JsJuDJ0.simple.html). The subcellular localization of goUSP18 was predicted by NLS mapper (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS Mapper form.cgi). The conserved motifs of goUSP18 were identified by the online tool motif scan (http:// myhits.isb-sib.ch/cgi-bin/PFSCAN). Sequences were obtained from GenBank and aligned with the ClustalW multiple alignment program (http://www.ebi.ac.uk/ Tools/msa/clustalw2); the N-J phylogenetic tree was made by the MEGA6 program using a Jones-TaylorThornton (JTT) model and modified with the Figtree software. Table 1 . List of primer sequences in this study.
Primer name
Nucleotide sequence
Tissue Distribution of goUSP18 mRNA Expression Levels in Goslings and Geese
To study the tissue expression profiles of goUSP18, adult geese and goslings were prepared for the collection of biological samples, including the brain (B), bursa of Fabricius (BF), cecum (CE), cecal tonsil (CT), gizzard (GI), heart (H), harderian gland (HG), kidney (K), liver (LI), lung (LU), pancreas (P), proventriculus (PR), small intestine (SI), and spleen (SP).
Transcript levels were measured using qRT-PCR with the goUSP18-specific primers F2/R2 ( Table 1) . The data were analyzed by the 2 −ΔΔCt method, and expression of the target gene was normalized to GAPDH mRNA levels in the same samples. Total RNA was extracted using Trizol reagent according to the manufacturer's instructions. RNA concentrations were determined by measuring their absorbance at 260 nm and 280 nm using a Thermo Scientific NanoDrop 2000. An equal quantity of 1 μg cDNA was instantly synthesized using the HiScript 1st Strand cDNA Synthesis Kit (Vazyme, USA) for qRT-PCR and stored at −80
• C according to the manufacturer's instructions. The viral copy number in TMUV-infected gosling tissues was quantified using qRT-PCR through the standard curve: Y = 39.995-3.529 logX.
Transcriptional Level Analysis of goUSP18 in PBMC Stimulated with Agonists
Three biological replicates and technological replicates per agonist of PBMC (5 × 10 6 /mL) were isolated from the peripheral blood of adult geese and seeded in 12-well plates overnight before stimulation. Cells were subsequently incubated with LPS (25 μg/mL), R848 (5 μg/mL), or Poly (I: C) (30 μg/mL) and collected after 6 h with 3 replicates per treatment.
Evaluating goUSP18 mRNA Level Against IFN and TMUV
To explore the immune characteristics and transcript levels of goUSP18 in vitro, GEF were placed in 12-well plates, and an equal quantity of proteins of IFN proteins was added in the logarithmic phase. Cells were harvested at 6, 12, 24, 36, or 48 hpi. To explore the effects of TMUV virus on goUSP18 expression in vivo, the relative gene expression levels of goUSP18 in the challenged 3-day-old goslings were determined at 1 d post inoculation (dpi), 2dpi, 3dpi, and 4 dpi. Data are represented as the mean with SD in all bar graphs. Statistically significant differences between the 2 groups were analyzed using an unpaired Student's t test in GraphPad Prism version 5 (GraphPad software, San Diego, CA). Extremely significantly up-regulated ( * * * P < 0.001), significantly up-regulated ( * * P < 0.01), and up-regulated treated groups in all virus-infected groups ( * P < 0.05) compared to the control group are marked in the figures.
Ethics Statement
The animal studies were approved by the Institutional Animal Care and Use Committee of Sichuan Agricultural University (No. XF2014-18) and followed the National Institutes of Health guidelines for the performance of animal experiments.
RESULTS
Molecular Identification of goUSP18
The cloned goUSP18 was 1,131 bp long (GenBank ID: KY012333), encoding 376 amino acid residues with a theoretical molecular mass of 43.5 kDa and an isoelectric point of 8.04. It is rich in helix and β-pleated sheet ( Fig. 1) , presents a classic bipartite nuclear localization signals, and harbors a Cys-box and a His-box with a conserved putative active-site cysteine at the 66 th position and histidine at the 321 st position, which are both essential for the catalytic properties of USP18 (Fig. 2,  Fig. 3a) . The IFNAR2 binding domain facilitates interaction with the intracellular domain of the IFNAR2 subunit (Fig. 3a) . In addition, the primary amino acid sequence of goUSP18 harbors all the structural motifs of a DUB enzyme (Fig. 3b) . We conclude that goUSP18 might be a member of DUB enzyme family.
To gain insight into goUSP18 evolution, a phylogenetic tree was constructed based on the conserved sequences and amino acid sequences of various animals that were obtained from GenBank ( Table 2 ). The aligned sequences have been bootstrapped 1,000 times, and only bootstrap values higher than 40 were considered for the consensus tree. The phylogenetic analysis showed that avian USP18 protein sequences are in the same subgroup (Fig. 4) . Mammalian USP18 were in another subgroup, and fish USP18 were in a third subgroup. USP22, a member of the DUB family, was chosen as the out group. This finding reinforces the hypothesis that goUSP18 is homologous to USP18 of other species annotated in GenBank. 
Transcript Expression Pattern of goUSP18 in One-week-old Goslings and Adult Geese
Tissue-specific expression in normal tissues was analyzed using RT-qPCR. The goUSP18 mRNA was constitutively expressed in all tissues analyzed (Fig. 5) . The lowest levels were seen in the brain, heart, and kidney, with higher levels in the cecum, cecal tonsil, gizzard, spleen, and pancreas. The highest levels were in the liver, harderian gland, and lung. In short, goUSP18 transcripts were strongly expressed in the spleen and liver of adult geese and in the pancreas of goslings. This observation of tissue profiles is partially consistent with the GEO profiles of in the NCBI Unigene database (http://www.ncbi.nlm.nih.gov/UniGene/clust.cgi). In general, the tissue-specific expression in adult geese is comparatively higher than in goslings. Table 1 . In addition, the USP22 gene is chosen as outgroup. The selected species are mammals, including human, orangutan, mouse, pig, dog, and cattle and fish species. Evolution analysis was conducted in MEGA6.0 in the method of the neighbor-joining algorithm and a Jukes-Cantor distance model, with the aligned sequences bootstrapped for 1,000 times; only the bootstrap values higher than 50% were taken into consideration for the consensus tree. 
Agonists Up-regulated goUSP18 Transcripts in PBMC
In order to identify the role of goUSP18 in the early immune response, we took advantage of the availability of PBMC, a perfect immune response system. The treatment of agonists R848, Poly (I:C) or LPS can mimic single-stranded RNA, double-stranded RNA, and lipopolysaccharide of pathogens, respectively. The mRNA levels of goUSP18 in PBMC were significantly up-regulated in LPS-, R848-, and Poly (I:C)-treated cells (Fig. 6 ).
Differential Regulation of goUSP18 by 3 Types of Goose IFN and TMUV
The purpose of this study was to determine the expression profiles of goUSP18 in response to TMUV infection and treatment with 3 types of goIFN. Precise quantification of the mRNA expression in the stimulation analysis suggested that the storm effect of Figure 6 . Effects of different agnoists on goUSP18 mRNA expression in PBMC. The cell density was adjusted as 5 × 10 6 /mL. The final concentrations of each agonist (Poly (I: C), LPS, and R848) were used at 30 μg/mL, 25 μg/mL and 5 μg/mL, respectively. The statistical analysis was performed in GraphPad Prism using unpaird two-tailed t tests:
* P < 0.05; * * P < 0.01; * * * P < 0.001.
goUSP18 transcripts after treatment with IFNλ was less strong than that after treatment with IFNα and IFNγ. The same was true of the Poly (I:C)-treated group. Not only that, but the goUSP18 transcripts of the IFNλ-treated group decreased over time. Furthermore, the goUSP18 mRNA was up-regulated by goose IFNα and IFNγ treatments, which persisted for the whole experimental time, whereas goUSP18 mRNA was up-regulated only within 24 h in Poly (I:C)-and IFNλ-treated GEF (Fig. 7a ). In conclusion, our research indicates that goUSP18 is stimulated by goose IFNα, IFNγ, and IFNλ, which may behave non-redundantly in their potency to exert specific bioactivities. Transcripts of goUSP18 were significantly increased during the late phases of TMUV infection in GEF. Our results showed barely any increase and a sharp increase in the mRNA level of goUSP18 in TMUV-infected GEF cells in early and late infection, respectively (Fig. 7b) . Collectively, the up-regulation of the goUSP18 transcript was observed as an early response to the IFN treatment, as well as in the late response to TMUV infection.
The Strongly Elevated goUSP18 mRNA Expression Upon TMUV Infection
Host innate immune responses play a key role against early viral infection. From the perspective of the inhibition effect of the Flaviviridae family on the IFN signaling pathway (Conde, et al., 2017; Morrison, et al., 2013; Grant, et al., 2016) , we explored the reaction of goUSP18 upon TMUV infection in vivo (Fig. 8) . The effect of viral replication on goUSP18 induction appears to be consistent among different viruses and different tissues until 4 dpi (refer to the supplement Fig. 9 ). Efficient replication of TMUV in different tissues is demonstrated by TMUV copy number (Fig. 8) . Of note, goUSP18 mRNA in the brain and spleen were not rapidly and significantly up-regulated at 1 dpi. 6 TCID 50 /100μL). The statistical analysis was performed in GraphPad Prism using unpaird two-tailed t tests:
Overall, the up-regulation of goUSP18 transcript levels occurred in those tissues in which TMUV stock is abundantly persistent. Finally, whether or not the presence of USP18 under TMUV challenge altered the cytokine profile and IFN effect still remains unknown.
DISCUSSION
In this study, we demonstrated that TMUV induced a USP18 counterpart in goose and identified goUSP18 as a critical mediator of both TMUV infection and IFN stimulation (Fig. 10) . Furthermore, significant differences in goose IFNα, IFNγ, IFNλ, and TMUV in regulating goUSP18 also were found. Notably, the elevation of USP18 transcripts in different tissues of TMUV-infected goslings is also obvious in vivo. Taken together, these results suggest that the up-regulation of transcripts goUSP18 may involve goose innate immune responses against TMUV infection.
ISG15-conjugated protein expression can be induced by viral infection and IFN (Lenschow and Virgin, 2007; Zhao, et al., 2013) , and USP18 is the only deconjugating protease with specificity for ISG15 and controls the reversible ISGylation enzymatic cascade (Ritchie, et al., 2004; Speer, et al., 2016) . Although the difference between wild-type and USP18 knockout cells in their susceptibility to the invading virus is partly associated with ISGylation (Malakhova, et al., 2006; Zou, et al., 2007) , the ISG15 gene is unfortunately missing in avian genomes (Magor, et al., 2013) . In this study, goUSP18 was significantly up-regulated by TMUV and agonists in goose cells and in goslings without the ISG 15 ylation system. Here, the increased transcripts suggest that goUSP18 regulated by viruses and reagents is independent of the ISG 15 ylation system.
Generally, ISG resembles a Swiss army knife, including antimicrobial effectors and negative and positive regulators of the IFN signaling. Previous studies have shown an increasing interest in antiviral proteins of goose innate immunity, such as Mx, OASL, and IFITM (Colonne, et al., 2013; Miao, et al., 2016; Yang, et al., 2016) . USP18 has been discovered to be not only an isopeptidase, but also a potent inhibitor of interferon signaling. Recently, the role of mammalian USP18 in viral infections was comprehensively studied (Ritchie, et al., 2004; Chen, et al., 2011; Basters, et al., 2012) . Qian et al also identified duck USP18 as a negative regulator mediated by NF-kB activation (Qin, et al., 2015) , but little is known about the role of USP18 in the goose immune system.
Previous studies revealed that upon LPS stimulation, IFN treatment and virus infection all strongly increase goUSP18 mRNA. At the same time, USP18 has been demonstrated as necessary and sufficient to induce differential desensitization of different types of IFN, namely, IFNβ would retain activity on USP18-expressing cells owing to IFNβ's higher affinity for the receptor. Conversely, the immune activity of IFNα, being a low-binding affinity, is impaired in cells expressing USP18 (Arimoto, et al., 2017) . The mutual regulatory relationship of IFN and USP18 may inform us about the homeostatic mechanism between them. Based on our data, we also hypothesize that USP18 coexists alongside IFN, regardless of ISG 15 ylation. Unlike goose IFNα and IFNγ, the transcript level of goUSP18 induced by IFNλ was comparatively low and short-term.
USP18 knockout mice were more efficiently resistant to fatal lymphocytic choriomeningitis virus (LCMV) or vesicular stomatitis virus (VSV) than wild-type mice (Ritchie, et al., 2004) . Silencing USP18 also potentiated the antiviral activity of IFN against hepatitis C virus infection (Randall, et al., 2006) . Furthermore, the growth of LCMV was effectively restricted in both mouse embryonic fibroblasts (MEF) and bone marrowderived macrophages from USP18 knockout mice. It is interesting that constitutive over-expression of porcine USP18 in MARC-145 cells restricts PRRSV growth via early activation of NF-kB, which exists as a heterodimer consisting of a 50-kDa subunit (p50) and a 65-kDa subunit (p65). Supposedly, USP18 perturbs PRRSV growth by increasing and decreasing the nuclear translocation of p65 and p50, respectively (Xu, et al., 2012) . In this study, the differential distribution and the broad expression of goUSP18 transcripts 6 TCID 50 /100μL) or PBS, per gram body weight, then tissues of 4 infected goslings per group were collected, and mRNA levels of goUSP18 were quantified by RT-qPCR with the GAPDH as control gene. Data were represented as the mean ± SEM (n = 4). The taking-samples time was at an interval of one day. GoUSP18 mRNA expressions were tested in various tissues including brain (B), LI (liver), pancreas (P), spleen (SP), thymus (T), and blood (BL). The statistical analysis was performed in GraphPad Prism using unpaird two-tailed t tests: * P < 0.05; * * P < 0.01; * * * P < 0.001. in goslings and adult geese may reflect its immune activity. The tissue distribution of goUSP18 in TMUVinfected goslings suggests that goUSP18 was highly up-regulated in tissues in which TMUV was located, which to some degree reflects the antiviral activity of goUSP18. Our results also show the up-regulation of goUSP18 transcripts during early TMUV infection appeared in the late phase, which echoes emerging evidence that Flaviviridae infection may delay or interfere with IFN-I transcriptional signaling during early infection (Grant, et al., 2016) . Otherwise, its final elevation might be a consequence of virus proliferation. Taken together, the increasing USP18 transcription during TMUV replication may be required for the activation of the IFN-I and IFN-II signaling pathway. Namely, the increasing level of goUSP18 transcripts suggests its participation as an essential innate immune regulator molecule triggered by IFN. As a consequence, TMUV infection strongly triggers the transcription of goUSP18 both in vivo and in vitro, meaning goUSP18 might play an important role in TMUV developing strategies to escape host immune responses.
Although conjugation ubiquitin ISG15 is missing in birds, the ubiquitin-like proteins of the goUSP18 gene homologous to human USP18 exactly existed.
Understanding the host response in USP18 transcript levels to TMUV challenge and IFN treatment will facilitate the elucidation of TMUV pathogenesis and the development of a better strategy for controlling TMUV. As shown in Fig. 10, goUSP18 plays a key role in the host innate immune response to early viral infection and the IFN pathway. Further research is merited to illustrate whether goUSP18 plays a suppressive effect on antiviral ISG and assists the invading virus.
